Objective-The purpose of this study was to test the association between polymorphisms in genes involved in either LDL cholesterol (LDL-C) metabolism or statin pharmacokinetics and LDL-C reduction with statins. Methods and Results-49 tagging and candidate polymorphisms in 9 genes were genotyped in 1507 post-ACS subjects randomized to atorvastatin or pravastatin. Two polymorphisms (rs7412, rs429358) that define the 2, 3, and 4 isoforms of apolipoprotein E were significantly associated with percent reduction in LDL-C with atorvastatin (2 carriers 53.8%, 3/3 48.1%, and 4 carriers 46.4%, respectively, Pϭ0.00039) and replicated in the pravastatin arm (2 carriers 22.1%, 3/3 21.8%, and 4 carriers 16.6%, respectively, Pϭ0.00038). The proportion of subjects achieving an LDL-C Յ70 mg/dL at day 30 was higher for 2 than 4 carriers (Pϭ1.3ϫ10 Ϫ5 ). In the pravastatin group, the triallelic rs2032582 variant (G2677T/A) in ABCB1 was associated with the percent reduction in LDL-C (GG 23.3%, non-G heterozygote 20.3%, and non-G homozygote 17.4%, Pϭ0.042). Conclusion-Carriers of APOE 2 versus 4 had significantly greater LDL-C reduction with atorvastatin and with pravastatin, and more frequently achieved a guideline-recommended LDL-C Յ70 mg/dL. Polymorphisms in triallelic G2677T/A variant in ABCB1 were associated with the degree of LDL-C lowering with pravastatin. (Arterioscler Thromb Vasc Biol. 2009;29:1310-1315.)
L owering cholesterol with statins has been shown to reduce the risk of cardiovascular events. In multiple trials, intensive statin therapy has further decreased this risk and reversed the progression of coronary atherosclerosis. The reduction of low density lipoprotein cholesterol (LDL-C) in response to statin therapy, however, can vary by as much as 10% to 70% from person to person, with many individuals not reaching target goals. 1 Whereas diet, concomitant medications, and comorbidities can account for some of this variation, genetic determinants may also influence interindividual lipid parameters and responses to lipid-lowering medications. Family studies have suggested that the genetic contribution to baseline cholesterol levels is as high as 50%, 2 and genetic association analyses have demonstrated the impact of both rare and common genetic variants on baseline cholesterol levels. 3 Several studies also point to genetic variation contributing to the response to statin therapy. 4 -8 We therefore conducted a focused pharmacogenetic study in more than 1500 subjects in a large clinical trial in which patients were randomized to treatment with pravastatin or atorvastatin. We genotyped tagging and candidate variants in 9 genes involved in LDL-C metabolism or statin pharmacokinetics, and assessed the association between these genetic variants and baseline and percent reduction in LDL-C in the setting of statin therapy, as well as achieved cholesterol goals, inflammatory biomarkers, and cardiovascular events.
Methods

Patient Population
PROVE IT-TIMI 22 enrolled patients hospitalized with an acute coronary syndrome (ACS) within the preceding 10 days and with a total cholesterol of Յ240 mg/dL. 9 Study participants were randomly assigned to receive atorvastatin 80 mg/d or pravastatin 40 mg/d and followed for an average of 24 months. For the current pharmacogenetic analysis, we limited our evaluation to the 1507 self-classified white subjects who were not previously on chronic lipid-lowering therapy and provided a DNA sample. For analyses of change in LDL-C levels, we restricted our evaluation to the 1378 subjects who had Ͼ80% compliance with allocated study medication. The main trial and genetic substudy protocols were approved by relevant institutional review boards, and informed consent was obtained from all patients.
Lipid, Biomarker, and Genetic Samples
Baseline samples were drawn at enrollment. On-treatment cholesterol concentrations refer to values obtained at 30 days, and the percent changes refer to the changes in values from baseline to 30 days. C-reactive protein (CRP) was measured using a high-sensitivity assay at the TIMI Biomarker Laboratory and lipoprotein-associated phospholipase A 2 (Lp-PLA 2 ) activity was measured at GlaxoSmith-Kline. DNA was extracted and genotyping was performed at the Harvard Medical School-Partners Center for Personalized Genetic Medicine on the Sequenom massARRAY and Taqman ABI 7500 platforms.
Gene and Single Nucleotide Polymorphism Selection
We selected the following genes involved in the LDL-C metabolism pathway based on biological function: APOB, APOE, HMGCR, LDLR, and PCSK9. To generate a set of polymorphisms capturing the majority of common variation in each gene, haplotype tag single nucleotide polymorphisms (SNPs) were selected using Tagger (supplemental Appendix, available online at http://atvb.ahajournals.org). In addition, several candidate SNPs in these genes were included based on prior literature. We also evaluated genes involved in statin pharmacokinetics: ABCB1, CYP3A4, CYP3A5, and SLCO1B1, selecting SNPs based on prior comprehensive functional studies. Forty-nine SNPs (43 in LDL-C metabolism pathways, 6 in statin pharmacokinetics pathways) met quality control thresholds (supplemental Table I ).
Statistical Analysis
Associations between the 43 SNPs in the LDL-C pathway and baseline LDL-C levels were assessed using SAS Genetics v9.1 in a linear regression model adjusting for age, sex, body mass index (BMI), diabetes mellitus requiring pharmacotherapy, smoking status, and time from symptoms to randomization. Effect estimates were determined in an additive genetic model per copy of the variant allele. Adjustment for multiple hypothesis testing was conducted using false discovery rate Q values.
The assessment of change in LDL-C was restricted to subjects with Ͼ80% compliance with assigned statin therapy. Analyses were conducted separately in 2 subcohorts based on randomized statin (atorvastatin or pravastatin) treatment assignment because the percent LDL-C reduction differed between the two groups. In each group, associations between the 49 SNPs (LDL-C metabolism and statin metabolism pathways) and percent reduction in LDL-C were determined. To further isolate the genetic effect of a variant on percent reduction in LDL-C, beyond its influence on baseline LDL-C, we adjusted for baseline LDL-C in the linear regression models in addition to the aforementioned covariates.
To be considered significant, for the 43 SNPs in the LDL-C pathway, an association had to be directionally consistent in both statin cohorts and achieve a probability value Ͻ0.025 in one cohort and Ͻ0.05 in the other, which would yield a conjoint probability of 0.00125, a value that approximates a conservative Bonferroni correction. Based on our sample size and the mean amount and variability of LDL-C reduction, we had 80% power to detect a per allele effect of 5.2% in the atorvastatin arm and 6.2% in the pravastatin arm for a variant with a minor allele frequency of 10%. For the 6 SNPs in the pharmacokinetic pathway, the association between genotype and percent LDL-C reduction was conducted separately in the pravastatin and atorvastatin groups and not evaluated using conjoint probabilities.
Haplotypes were created using an expectation-maximization algorithm with SAS Genetics v9.1. For ABCB1, the triallelic rs2032582 and rs1045642 were used to generate haplotypes. For APOE, SNPs rs7412 and rs429358 were used to create haplotypes, and 3 haplotypes were found, which correspond to the 3 common isoforms of apolipoprotein E: 2, 3, and 4. Crude lipid data are displayed with patients categorized, by convention, as 2 haplotype carriers, 3/3, and 4 haplotype carriers. Multivariable adjusted associations between APOE haplotypes and baseline lipid parameters and change in LDL-C were assessed in regression models analogous to those described above. Heterogeneity of the effect of APOE genotype on lipid parameters between the 2 statin treatment arms was evaluated using a formal interaction term in a linear regression model. Event rates for cardiovascular death, myocardial infarction (MI), or stroke were determined using Kaplan-Meier failure rates, and hazard ratios (HR) and 95% confidence intervals (CIs) were estimated using a Cox proportional hazards regression model.
Results
Baseline Characteristics and Lipid Parameters
At baseline, subjects were found to have a mean LDL-C of 114.7Ϯ30.3 mg/dL. Of the 43 SNPs tested in the LDL-C pathway, we found that 8 were associated with baseline LDL-C concentrations with a probability value Ͻ0.05 (Table  1 ; complete list in supplemental Table II ). The 2 SNPs with the most significant values were in APOE and included rs7412 (Pϭ7.9ϫ10 Ϫ9 ) and rs429358 (Pϭ0.0032). The corresponding false discovery rate Q values were 1.8ϫ10 Ϫ7 and 0.037. Even after using a conservative Bonferroni correction, rs7412 was still significantly associated with baseline LDL-C (Pϭ3.4ϫ10 Ϫ7 ). The adjusted effect estimates on baseline LDL-C concentration per copy of the minor allele were Ϫ13.24 mg/dL (95% CI Ϫ17.68 to Ϫ8.74 mg/dL) for rs7412 and ϩ5.01 mg/dL (95% CI 1.72 to 8.39 mg/dL) for rs429358. Two of the other SNPs significantly associated with baseline LDL-C concentrations were also in APOE, 2 were in APOB, 1 was in PCSK9, and 1 was in HMGCR. The false discovery rate Q value for these top 8 SNPs was only 0.095, suggesting there would be Ͻ1 false-positive among these significant findings.
Change in LDL-C
Analyses of change in LDL-C were restricted to the 1378 subjects who had Ͼ80% compliance with statin therapy. Of the 686 subjects treated with atorvastatin 80 mg/d and 692 subjects treated with pravastatin 40 mg/d, the mean percent reduction in LDL-C from baseline to 30 days was 48.8Ϯ18.5% and 20.7Ϯ22.3%, respectively. The complete list of associations between SNPs and reduction in LDL-C are in supplemental Tables III and IV. After adjustment for baseline LDL-C and clinical features, 3 SNPs were significantly associated with the percent reduction in LDL-C in atorvastatin-treated patients (rs7412: Pϭ8.3ϫ10 Ϫ6 , rs429358: Pϭ0.044, and rs769449: Pϭ0.022) and were replicated in pravastatin-treated patients (rs7412: Pϭ0.00065, rs429358: Pϭ0.023, and rs769449: Pϭ0.0047; Table 2 ).
Of these 3 SNPs, all were located in APOE. rs429358 and rs7412 are nonsynonymous variants, whereas the rs769449 polymorphism is intronic and in linkage disequilibrium with rs429358 (r 2 ϭ0.75). Thus the 2 former SNPs were used to create APOE haplotypes. Three haplotypes were found and consisted of the T allele at rs429358 and the T allele at rs7412 (7% of study population), the T allele and the C allele (79%), and the C allele and the C allele (14%). These 3 haplotypes correspond to the 3 common isoforms of apolipoprotein E: 2, 3, and 4.
APOE
There were no significant differences in baseline characteristics across APOE genotype (defined as carriers of the 2 haplotype, nϭ155; 3/3 wild-type, nϭ809; carriers of the 4 haplotype, nϭ327) except for 2 carriers being modestly older (supplemental Table V ). Baseline LDL-C values were significantly associated with APOE genotype (Pϭ1.5ϫ10 Ϫ6 , Figure 1A ). The effect estimate per copy of the 2 haplotype was Ϫ12.77 mg/dL (95% CI Ϫ17.26 to Ϫ8.26 mg/dL, Pϭ3.1ϫ10 Ϫ8 ) and of the 4 haplotype was ϩ4.00 mg/dL (95% CI 0.69 to 7.32 mg/dL, Pϭ0.018). Moreover, e2/e2 (nϭ7) individuals had 27% lower baseline LDL-C values as compared with e4/e4 (nϭ25) individuals. APOE genotype also affected baseline concentrations of apolipoprotein B, HDL-C, and apolipoprotein E (supplemental Table VI ).
The percent reduction in LDL-C levels from baseline to day 30 varied significantly across APOE genotype, being greatest in 2 carriers, intermediate in 3/3 individuals, and least in 4 carriers, both in atorvastatin-treated patients (53.8Ϯ1.8%, 48.1Ϯ1.0%, and 46.4Ϯ1.5%, respectively, Pϭ0.00039) and pravastatin-treated patients (22.1Ϯ2.8%, 21.8Ϯ1.1%, and 16.6Ϯ2.1%, respectively, Pϭ0.00038; Figure 1B) , after accounting for baseline LDL-C and clinical features. The relationship between APOE genotypes and percent reduction in LDL-C was similar with both atorvastatin and pravastatin. In all subjects, and adjusting for statin treatment, the effect estimate on percent reduction in LDL-C per 2 haplotype was ϩ7.84% (95% CI 4.94 to 10.73%, Pϭ1.3ϫ10 Ϫ7 ) and per 4 haplotype was Ϫ2.66% (95% CI Ϫ4.76 to Ϫ0.56%, Pϭ0.013). After adjustment for baseline LDL-C and clinical factors, APOE genotype accounted for 3.8% of the remaining variance in LDL-C reduction, and no significant gene-environment interactions were observed with sex or smoking status (P interactions ϭNS).
In terms of on-treatment LDL-C at 30 days, levels were lowest for 2 carriers, intermediate for 3/3 individuals, and highest for 4 carriers in both atorvastatin-treated patients (46.1Ϯ1.9, 56.9Ϯ1.0, and 61.5Ϯ1.6 mg/dL, respectively; Pϭ1.2ϫ10 Ϫ7 ) and pravastatin-treated patients (72.1Ϯ2.4, 89.3Ϯ1.2, and 93.4Ϯ2.1 mg/dL, respectively; Pϭ2.5ϫ10 Ϫ7 ). Analogously, the percent of subjects achieving an LDL-C goal of Յ70 mg/dL was higher for 2 than 4 carriers in both atorvastatin-treated patients (Pϭ0.00037) and pravastatintreated patients (Pϭ0.0084; Figure 2 ). The relationship between APOE genotype and on-treatment LDL-C was similar with atorvastatin and pravastatin. In all subjects, and adjusting for treatment arm, APOE genotype was significantly associated with on-treatment 30-day LDL-C (Pϭ2.6ϫ10 Ϫ13 ) and likelihood of achieving an LDL-C of Յ70 mg/dL (Pϭ1.3ϫ10 Ϫ5 ).
With regard to inflammatory markers, similar to what was seen for on-treatment LDL-C ( Figure 3A) , on-treatment Lp-PLA 2 activity at 30 days was lowest for 2 carriers, intermediate for 3/3 individuals, and highest for 4 carriers in both atorvastatin-treated patients (Pϭ0.0045) and pravastatintreated patients (Pϭ8.3ϫ10 Ϫ6 ; Figure 3B ). In contrast, the opposite trend was seen for on-treatment hs-CRP levels at 30 days, with the highest levels seen in 2 carriers, intermediate levels in 3/3 individuals, and lowest levels in 4 carriers, both in atorvastatin-treated (geometric means: 2.5Ϯ0.4, 1.8Ϯ0.2, and 1.2Ϯ0.2 mg/L, respectively; Pϭ4.2ϫ10 Ϫ7 ) and pravastatin-treated patients (2.9Ϯ0.4, 2.6Ϯ0.2, and 2.1Ϯ0.3 mg/L, respectively; Pϭ0.036; Figure 3C ). The proportion achieving goal hs-CRP values varied significantly by genotype, with more 4 carriers achieving a target of Յ2 mg/L (Pϭ0.00026).
During an average of 2 years of follow-up, the rate of cardiovascular death, MI, or stroke for 2 carriers, 3/3, and 4 carriers was 5.4%, 7.4%, and 7.0%, respectively. The HR for the risk of cardiovascular death, MI, or stroke for 2 carriers versus 3/3 individuals was 0.78 (95% CI 0.40 to 1.51) and for 4 carriers versus 3/3 individuals was 0.96 (95% CI 0.60 to 1.54). There was no interaction between genotype, statin treatment, and outcome.
SNPs in the Pharmacokinetic Pathway
Among subjects treated with pravastatin, the triallelic rs2032582 variant (G2677T/A) in ABCB1 was associated with the percent reduction in LDL-C when evaluated based on carriage of the non-G (T/A) allele (GG 23.3%, non-G heterozygote 20.3%, and non-G homozygote 17.4%, Pϭ0.042). In terms of the individual effects of the T and A variant alleles, the T allele was associated with an effect estimate of Ϫ1.7% per allele (95% CI Ϫ3.86 to 0.46, Pϭ0.12) and the A allele with an effect estimate of Ϫ9.4% per allele (95% CI Ϫ15.7 to Ϫ3.00, Pϭ0.004). Adjustment for APOE genotype did not significantly affect the results. Another variant in ABCB1 was also tested (rs1045642, C3435T), and there was no significant association between this polymorphism and LDL-C reduction in subjects treated with pravastatin. Based on a prior report, haplotypes were then constructed using G2677T/A and C3435T. 10 Using the G-C haplotype as a referent, the nonG-C haplotype was associated with an absolute 10.5% lesser reduction in LDL-C (Pϭ0.0003) and the nonG-T haplotype a trend to an absolute Ϫ1.9% lesser reduction in LDL-C (Pϭ0.10, supplemental Table VII ). Further haplotype analyses evaluating the T and A at 2677 separately revealed that the A-C haplotype was associated with an absolute 12.4% lesser reduction in LDL-C (Pϭ0.0007), the T-C haplotype with a trend to an absolute 7.8% lesser reduction in LDL-C (Pϭ0.10), and T-T a trend to an absolute 2.0% lesser reduction in LDL-C (Pϭ0.09).
Analogous analyses were conducted in subjects treated with atorvastatin, and no association was detected between the 2677 or 3435 variants and LDL-C reduction. Although the effect estimate for the T-C haplotype (Ϫ5.9%) was directionally consistent with what was observed with pravastatin, the result did not achieve statistical significance (Pϭ0.17; supplemental Table VIII ). None of the other pharmacokinetic SNPs were significantly related to the percent reduction in LDL-C in either treatment arm (supplemental Tables III and IV ).
Discussion
Statin therapy has become the mainstay for lowering LDL-C. However, there is a large degree of interindividual variability in the response to treatment. 1 We therefore conducted a pharmacogenetic study in 1507 subjects to determine whether genetic polymorphisms influence LDL-C reduction in the setting of statin therapy. In this analysis, a set of tagging and candidate SNPs was used to assess 9 genes of interest in the LDL-C metabolism and statin pharmacokinetics pathways. We found that rs7412 and rs429358 in APOE were significantly associated both with baseline LDL-C levels and reduction in LDL-C with atorvastatin and with pravastatin. Additionally, there was an association between the G2677T/A variant in ABCB1 and the degree of LDL-C lowering with pravastatin. No associations between the other 46 SNPs and LDL-C reduction were detected.
The 2 genetic variants in APOE account for amino acid changes at positions 112 and 158 and haplotype analysis yielded the 3 common isoforms 2, 3, and 4 of apolipoprotein E, an apolipoprotein that plays a critical role in receptormediated hepatic uptake of lipoproteins. The most common isoform, 3, has a cysteine at position 112 and an arginine at position 158, whereas 2 contains 2 cysteines and 4 contains 2 arginines. In this study, carriers of 2 had significantly reduced baseline LDL-C concentrations, with 2 carriers having values that were 18.7 mg/dL lower than 4 carriers. Moreover, e2/e2 individuals had 27% lower baseline LDL-C values as compared with e4/e4 individuals. These findings are consistent with prior studies, including a large meta-analysis of healthy subjects where 2/2 individuals had 30% lower LDL-C values as compared to those with 4/4. 11 In terms of the association of APOE genotypes and LDL-C reduction with statin therapy, the majority of studies have reported greater LDL-C reduction in 2 carriers and lesser reductions in 4 carriers, 6 -8,12-14 although others have suggested either no significant relationship, 15 gender-specific findings, 16 or even the converse with lesser reductions in 2 carriers and greater reductions in 4 carriers. 17 Our analysis benefited from a large sample size, consistent statin dosing (including use of atorvastatin, one of the most commonly prescribed statins in the United States currently) and timing of blood sampling, central laboratory measurements, monitored compliance with statin therapy, and standardized follow-up for clinical events.
In this setting, we found highly statistically significant and consistent associations between 2 carrier status and greater percent LDL-C reduction, independent of baseline LDL-C, with 2 carriers having greater LDL cholesterol percentage reduction than 4 carriers. Our observations are biologically consistent with the known alterations in function with the different apolipoprotein E isoforms (supplemental Appendix). The APOE genotype accounted for 3.8% of the remaining variance in statin response, an effect on par with other genetic studies. 3 Moreover, the APOE genotype classifications were associated with the proportion of subjects who achieved the ACC/AHA guideline recommended target LDL-C value. Although we would not advocate routine genotyping at this point because lipid-lowering therapy can be titrated to a target LDL-C goal, in the future there may be a panel of SNPs that could prove useful in tailoring statin therapy. 18 -20 The rates of cardiovascular death, MI, or stroke for 2 carriers as compared to 3/3 individuals were 5.0% versus 7.4% with an associated HR of 0.78 (95% CI 0.40 to 1.51). This difference was not statistically significant but is consistent with data from a meta-analysis of studies (not involving statin therapy) where the HR was 0.80 (95% CI 0.70 to 0.90). 11 In terms of statin pharmacokinetic genes, ABCB1 (also known as the multi-drug resistence-1 gene) encodes P-glycoprotein. In several prior studies, atorvastatin has been shown to be a substrate of P-glycoprotein, 21, 22 and polymorphisms in this gene have been associated with the response to atorvastatin. 23 In this study, there were no significant associations between variants in ABCB1 and percent LDL reduction among those treated with atorvastatin. Our observation may differ from prior ones because of the higher dose of atorvastatin given (80 mg/d). 24 In a study by Chen and colleagues, pravastatin was a weak substrate for P-glycoprotein. 25 In our analysis, ABCB1 G2677T/A was associated with less LDL-C reduction with pravastatin, with a more pronounced effect with the A allele. Haplotype analysis using G2677T/A and C3435T revealed the greatest effects with the A-C haplotype and trends for the T-C and T-T haplotypes (the A-T haplotype constituted Ͻ1% of the study population). Prior studies to date have yielded varied results for the functional impact of ABCB1 polymorphisms (supplemental Appendix). Additional studies will be helpful to continue to discern the functional effects of any of these variants or haplotypes.
Our study has several potential limitations that should be considered. First, our analyses were conducted exclusively in a white population. Second, we selected tagging SNPs with an MAF Ͼ10% in the LDL-C metabolism pathway; we cannot comment on the potential role of rarer variants. Third, in the case of variants involving statin pharmacokinetic genes, we did not use tagging SNPS and elected to focus on candidate variants because prior studies had sequenced these genes and functional variants had been established. Addi-tional variants and the haplotypes they define may be important. 26, 27 Fourth, to be conservative and consistent, we a priori picked an additive model for all genetic comparisons to minimize multiple-hypothesis testing for different models. Fifth, our study population consisted of patients stabilized after ACS with upper limits of total cholesterol. Thus our baseline cholesterol levels are not generalizable to cholesterol levels in a healthy, ambulatory population cohort; however, the relative differences we observed in baseline cholesterol levels were in keeping with prior studies and our primary outcome of interest, the response to statin therapy, should be generalizable. Although ACS can affect cholesterol and inflammatory biomarker levels, the effect on the former is modest, 28 and we only analyzed on-treatment inflammatory biomarker levels, not change. Finally, we used the random allocation to atorvastatin versus pravastatin to create 2 study populations to enable replication for SNPs in the LDL-C metabolism pathway. We acknowledge that it is possible that some genetic variants might alter response to statin therapy differently with different statins; thus, SNPs that achieved nominal statistical significance in one statin population but not in the other might still be worthy of further investigation.
Conclusion
In this pharmacogenetic study, that evaluated genetic variants in 9 genes, carriers of the 2 haplotype were found to have lower baseline LDL-C values compared with 4 carriers. 2 carriers also experienced greater LDL-C reduction with both atorvastatin and pravastatin than did 4 carriers. Moreover, the APOE genotype classifications influenced the proportion of subjects who achieved clinically meaningful LDL-C targets, with more than one-quarter of 4 carriers failing to meet guideline recommended LDL-C goals even with intensive statin therapy. A polymorphism in ABCB1 was associated with the degree of LDL-C lowering with pravastatin. These findings add to the growing body of data evaluating the genetic mechanisms that influence statin efficacy.
